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Early Transcription and Silencing
of Cytokine Genes Underlie Polarization
of T Helper Cell Subsets
are believed to begin the process by which the cytokine
expression repertoire is stabilized, such that effector
functions become passed epigenetically to daughter
cells (Bix and Locksley, 1998). Within committed Th1
and Th2 cells, distinct cytokines are expressed and oth-
Jane L. Grogan,*† Markus Mohrs,*†
Brian Harmon,‡ Dee A. Lacy,*†
John W. Sedat,‡ and Richard M. Locksley*†§
*Howard Hughes Medical Institute
†Departments of Medicine, Microbiology,
and Immunology ers silenced in reciprocal patterns, although several cell
passages may be required to achieve a stable repertoire‡Departments of Biochemistry and Biophysics
University of California, San Francisco (Murphy et al., 1996). Critical transcription factors impli-
cated in this process include T-bet and GATA-3, whichSan Francisco, California 94143
are sufficient to program type 1 and type 2 cytokine
expression patterns, respectively, in CD41 T cells
(Zheng and Flavell, 1997; Szabo et al., 2000).Summary
We examined naive CD41 T cells induced to become
Th1 or Th2 cells under controlled conditions in order toNaive CD41 T cells activated through TCR/CD28 under
Th1 or Th2 conditions expressed canonical cytokine explore aspects of cytokine expression and silencing
during the acquisition of effector function. Sorting cellspatterns irrespective of cell division. Only cells that
had divided fewer than four times were capable of after several days in culture under polarizing conditions
revealed that even undivided calls expressed cytokinereexpressing alternative cytokines when restimulated
under opposing conditions. Although T cells tran- transcripts that, with several additional divisions, reached
levels achieved by stable, polarized T helper lines.scribed both IFN-g and IL-4 within hours in a Stat4-/
Stat6-independent manner, neither T-bet nor GATA-3 Assessment of cells sorted from each division and
placed into alternative polarizing conditions demon-was induced optimally without Stat signals, and polar-
ized cytokine expression was not sustained. Cytokine strated that plasticity—the capacity to activate the alter-
native cytokine program—was lost after three to fourgenes were positioned apart from heterochromatin in
resting T cell nuclei, consistent with rapid expression. cell divisions. Analysis of cells immediately after T cell
activation showed that both IL-4 and IFN-g were ex-After polarization, the majority of silenced cytokine
alleles were repositioned to heterochromatin. Naive pressed within 1 hr. Stat factors were unnecessary for
this initial cytokine expression but were required forT cells transit through sequential stages of cytokine
activation, commitment, silencing, and physical stabi- sustained expression, a process correlated with the op-
timal induction of GATA-3 or T-bet. Within naive T cells,lization during polarization into differentiated effector
subsets. cytokine genes were positioned away from centromeric
chromatin, consistent with a state poised for rapid acti-
vation. In polarized Th1 and Th2 cells, however, a sub-Introduction
stantial number of silenced cytokine alleles were local-
ized to heterochromatin, revealing a dynamic processThe mechanisms by which naive helper T cells differenti-
ate into cytokine-secreting effector cells are of much underlying lineage fate.
interest in understanding how host responses become
matched with different challenges requiring distinct Results
types of immunity. Current models envision the duration
and strength of signaling, likely modulated by dendritic Cytokine Expression Occurs in Subset-Specific
cells, as having important roles in determining effector Patterns and prior to Cell Division
fate (Lanzavecchia and Sallusto, 2000). Cytokines them- Highly purified, naive, CD41 T cells were labeled with
selves, however, critically regulate this process, as dem- the intracellular fluorochrome, carboxyfluorescein diac-
onstrated by the ease with which distinct helper subsets etate succinimidyl ester (CFSE), and activated under
can be established in vitro using cytokines and the pro- Th1- or Th2-inducing conditions. Cells began to divide
found effect on T helper subset development seen in after 48 hr but then rapidly progressed in nonsynchron-
cytokine-, cytokine receptor-, and specific Stat factor- ous divisions over several days without further stimula-
deficient mice (O’Garra, 1998). tion. When assayed for CFSE intensity on day 4 or 5
Recent studies have linked clonal expansion and cell after activation, five to six cell divisions were readily
division with the acquisition of effector cytokine expres- distinguished under either set of conditions (Figure 1).
sion (Bird et al., 1998; Gett and Hodgkin, 1998; Iezzi et Cells progressed further under Th2, as compared to Th1,
al., 1999; Richter et al., 1999). Cells committed to the conditions. Using simultaneous four-way sorting from
type 1 or type 2 phenotypes demonstrate changes in duplicate cultures, undivided (cycle 0) and divided cells
chromatin structure around the canonically associated from discrete divisions were sorted and used to purify
cytokines, IFN-g and IL-4, respectively (Agarwal and RNA. After real-time 59-nuclease fluorogenic RT-PCR,
Rao, 1998; Bird et al., 1998). Such structural changes cytokine transcripts were quantitated. Unstimulated na-
ive CD41 T cells and highly stabilized, peptide-specific,
Th1 and Th2 cell lines generated from TCR transgenic§ To whom correspondence should be addressed (e-mail: locksley@
medicine.ucsf.edu). mice were analyzed concurrently.
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Figure 1. Division Rates of Naive CD41 T Cells Activated under Th1
and Th2 Conditions
Purified naive BALB/c CD41 T cells were labeled with CFSE and
activated with mAb to TCR/CD28 in the presence of irradiated APC.
On the days indicated, CD41 cells were analyzed for dilution of CFSE
intensity by FACS. Data from one of five comparable experiments.
Prior to activation, naive T cells contained essentially
undetectable transcripts for the cytokines analyzed—
IFN-g for Th1 cells and IL-4, IL-13, and IL-5 for Th2 cells.
In contrast, transcripts for each of these cytokines were Figure 2. Appearance of Cytokine Transcripts after Activation of
Naive CD41 T Cellsat least 3 to 4 logs more abundant in established Th1 or
Th2 cell lines (Figure 2). After activation and cell division, Purified naive BALB/c CD41 T cells were labeled with CFSE and
left unstimulated (Tn) or stimulated using mAb to TCR/CD28 andnaive T cells transcribed these cytokines in typical ste-
irradiated APC under Th1 or Th2 conditions. After 3–5 days, CD41reotyped patterns, with Th1 conditions leading to IFN-g
cells were sorted by CFSE intensity as a function of cell divisionexpression, but not IL-4, IL-13, and IL-5, and Th2 condi-
(0–6, bottom) and assayed for the designated cytokine transcripts
tions leading to the reciprocal pattern. In multiple experi- using fluorogenic PCR. Panels on right depict simultaneous tran-
ments, cells that had not divided (division 0 as assessed script analysis from stable OVA323-339-specific Th1 and Th2 cell lines
by failure to dilute the CFSE indicator) had activated from DO11.10 TCR transgenic mice generated in vitro after six
weekly stimulations with 1 mM OVA323-339 and irradiated APC undertranscription of the relevant cytokine genes. Transcript
polarizing Th1 or Th2 conditions. RNA collected 72 hr after peptidelevels in these differentiating cells rapidly approached
stimulation. Cytokine transcripts were normalized to simultaneouslevels present within established, highly polarized, Th1
quantitation of HPRT transcripts and represent the ratio of cytokine/
and Th2 cell lines (Figure 2). HPRT in the sample. One of three representative experiments de-
Taken together, these data indicate that cytokine tran- picted.
scripts were expressed after T cell activation and prior
to cell division and were expressed at relatively high
levels through subsequent cell divisions in a condition- the developing cytokine repertoire. Purified naive CD41
T cells were labeled with CFSE, activated under Th1 ordependent manner.
Th2 conditions, and then sorted by cell division into the
same or the opposing polarizing conditions in order toSilencing of Cytokine Expression Occurs with Cell
Division under Polarizing Conditions assess the capacity to express alternate cytokine pat-
terns upon restimulation 48 hr later. Although some cellsPrior studies have demonstrated that helper T cell lines
continue to display some reversibility in vitro that be- that had undergone up to three divisions under Th1
conditions could express IL-4 upon restimulation undercomes lost with continued passage under polarizing
conditions (Murphy et al., 1996). The asynchronous cell Th2 conditions, cells that had undergone $ four divi-
sions were unable to express IL-4 (Figure 3). Analysisdivision creates heterogeneity within the cultures (Figure
1) that might contribute to the apparent “plasticity” of of cells sorted after 5 days allowed similar assessment
T Helper Subset Polarization
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Figure 3. Plasticity in the Cytokine Reper-
toire Is Limited to Cells in Early Divisions
Purified naive BALB/c CD41 T cells were la-
beled with CFSE and activated with mAb to
TCR/CD28 and irradiated APC under either
Th1or Th2 conditions. After 3 or 4 days, cells
were sorted from the indicated divisions and
placed directly into fresh opposing condi-
tions. After 2 days, CD41 T cells were ana-
lyzed for intracellular cytokine expression
after brief activation using PMA/ionomycin
with brefeldin A. The percentages of cells ex-
pressing the designated cytokine from each
initially sorted peak are represented by the
bars. Data represent one of three comparable
experiments.
using cells from division five to eight and confirmed genic RT-PCR. Under these conditions, IFN-g and IL-4
were expressed within 1 hr and peaked within 2 hr (Fig-such cells were similarly unable to be induced to express
IL-4 (data not shown). Activation of the IFN-g gene was ure 4A). Expression was comparable under either Th1
or Th2 conditions, suggesting that signals regulatedmore variable. In different experiments, the ability to
express IFN-g after initially activating naive cells under through the cytokine receptors were not affecting early
cytokine patterns. No cell division occurred during thisTh2 conditions varied from the second to the fifth cell
division. Inclusion of anti-IL-12 in the initial Th2 condi- period. Early expression was similar using Stat4- and
Stat6-deficient CD41 T cells. These cells, which cannottions narrowed this capacity for recall within the second
to fourth divisions (Figure 3; data not shown). Under transduce Stat-dependent signals under the respective
conditions, comparably enhanced early cytokine tran-either set of conditions, however, cells from later divi-
sions had silenced the capacity to express the opposing scripts after activation under either condition (Figure
4A). IFN-g transcripts were consistently inhibited morecytokine, even when restimulated with the appropriate
conditions. In contrast, the initially activated cytokine quickly, however, in the presence than in the absence
of Stat6. After the early peak, Stat-deficient cells wereprofile continued to be expressed after sorting into op-
posing conditions (Figure 3). Cells resorted from polar- unable to maintain their respective cytokine-dependent
mRNA levels; by 72 hr IL-4 and IFN-g transcripts hadized conditions back into the same conditions continued
to express highly polarized cytokine profiles without declined 100-fold in the absence of Stat6 and Stat4,
respectively, and became comparable with cells sortedchange (data not shown).
from culture after 4 days in the absence of the requisite
cytokine signal (Figure 4B).Initial Activation of Cytokine Transcription Is Rapid
and Stat Independent The inability to maintain cytokine transcripts in the
absence of Stat proteins may reflect the failure to induceThe ability to reexpress cytokines for a limited number
of early cell divisions suggested that each of the cyto- critical factors required for T helper subset polarization
(Zheng and Flavell, 1997; Szabo et al., 2000). Indeed,kine loci might be initially accessible in naive CD41 T
cells but then be physically altered under conditions when assessed using the same quantitative RT-PCR
assay, expression of the Th1-inducing factor, T-bet, andinstructed by the cytokine milieu. To analyze this earliest
period of cytokine gene expression, highly purified naive of the Th2-inducing factor, GATA-3, was induced almost
100-fold between 24 and 72 hr after stimulation underCD41 T cells were activated using plate-bound antibod-
ies and, after varying times, collected for extraction of Th1 or Th2 conditions, respectively (Figure 4C). In the
absence of Stat4 for T-bet under Th1 conditions, andRNA and quantitative transcript analysis using fluoro-
Immunity
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Figure 4. Cytokine and Transcription Factors Are Induced Early after TCR/CD28 Stimulation
(A) Purified naive CD41 T cells were isolated from wild-type BALB/c or Stat4- or Stat6-deficient BALB/c mice and activated using plate-bound
TCR/CD28 mAb under Th1 (left panels) or Th2 conditions (right panels). Cells were harvested either unstimulated (time 0) or after the designated
periods and analyzed for IL-4, IFN-g, and HPRT transcripts using real-time fluorogenic PCR. Transcript abundance is represented as the ratio
of cytokine to HPRT. Data represent one of three comparable experiments.
(B) Purified naive CD41 T cells from wild-type (WT; closed bars), or Stat4- or Stat6 (open bars)-deficient mice were activated as above under
Th1 or Th2 conditions and harvested after 72 hr for analysis of IL-4, IFN-g, and HPRT transcripts as above.
(C) Purified naive CD41 T cells isolated from the designated groups of mice were harvested unstimulated (time 0) or at the times depicted
after activation using the conditions above. RNA was harvested and analyzed for GATA-3 and T-bet using real-time fluorogenic PCR and
represented as transcript abundance relative to HPRT. Data represent one of three comparable experiments.
in the absence of Stat6 for GATA-3 under Th2 conditions, the other Stat protein; T-bet was poorly induced under
Th2 conditions and GATA-3 was poorly induced underhowever, optimal transcription of T-bet and GATA-3 at
72 hr did not occur. Cells did not default and transcribe Th1 conditions.
To assess whether these early cytokine transcriptsthe alternative differentiative factor in the absence of
T Helper Subset Polarization
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nucleus within this period of activation (Zhao et al.,
1998). As assessed using fluorescence in situ hybridiza-
tion (FISH), each of the cytokine genes analyzed was
localized away from silenced, centromeric chromatin
domains identified by hybridization with g-satellite se-
quence (Figure 6A). Comparable localization occurred
in Stat4- and Stat6-deficient cells, indicating that these
Stat proteins are not required to position the cytokine
genes apart from centromeric domains in resting, naive
CD41 T cells. Simultaneous staining with probes for
the different cytokine genes located on chromosome 11
confirmed their specificity as assessed by their relative
positioning (Figure 6B).
To assess whether physical repositioning of genes
with heterochromatin might contribute to the stabiliza-
tion of cytokine profiles in CD41 T cells, stable Th1 and
Th2 lines were analyzed similarly using FISH. In Th1
cells, 52% of the IL-4 alleles were reorganized in apposi-
tion to centromeric heterochromatin as assessed by
overlay of the respective hybridization probes (Figure
7). Conversely, in Th2 cells, 67% of IFN-g alleles showedFigure 5. Expression of GFP from Activated Bi-Cistronic IL-4
nuclear reorganization to heterochromatic domains. InKnockin Alleles in CD41 T Cells
contrast, .95% of the alleles of the expressed cyto-Purified naive CD41 T cells from homozygous 4get mice were acti-
vated using mAb to TCR/CD28 under Th2 or Th1 conditions with kines, IL-4 under Th2 conditions and IFN-g under Th1
irradiated APC. CD41 T cells were analyzed for enhanced GFP conditions, were positioned apart from heterochromatic
(eGFP) expression at the designated days. Wild-type CD41 T cells domains. In each instance, however, a number of pheno-
in open histograms. Data are representative from one of three exper- typically silenced alleles identified by FISH remained
iments.
positioned away from heterochromatin, despite the in-
ability to detect either IL-4 from the Th1 line or IFN-g from
the Th2 line. Thus, physical repositioning accompanieswere translated to protein, we used cells from mice
polarization of the cytokine repertoire, but, at least undercontaining a modified knockin IL-4 gene fused to a viral
these conditions in vitro, reorganization to heterochro-internal ribosomal entry site/enhanced green fluores-
matin correlated incompletely with gene silencing.cent protein (IRES/eGFP) construct, thus allowing simul-
taneous expression of IL-4 and eGFP from a single bi-
cistronic mRNA transcript. Both in vitro and in vivo, Discussion
CD41 T cells from mice homozygous for the modified
IL-4 reporter gene, designated 4get mice, faithfully ex- These data suggest discrete periods during which the
cytokine repertoire of naive CD41 T cells becomes es-press eGFP upon expression of the linked IL-4 gene
(M. Mohrs, K. Shinkai, K. Mohrs, and R. M. Locksley, tablished. During primary stimulation, the canonical po-
larized cytokines, IFN-g and IL-4, were both transcribedsubmitted). Purified naive CD41 4get T cells were stimu-
lated using anti-TCR/CD28 antibodies and irradiated rapidly through mechanisms independent of the cyto-
kine environment, as demonstrated by their comparableAPC under Th1 or Th2 conditions. In this assay, cells
begin to divide z45 hr after activation as assessed using transcription in Stat-deficient cells. Coincident with the
onset of cell division, however, stabilization of polarizedCFSE-labeled cells. Under both conditions, eGFP fluo-
rescence was consistently induced as early as 20 hr cytokines was Stat dependent and correlated with Stat-
dependent expression of the downstream differentiativefollowing stimulation, reaching a peak even in Th1 cells
at 1.5 days (Figure 5). Thereafter, eGFP-positive cells factors, T-bet and GATA-3. Even after cell division, op-
posing cytokines could be recalled upon restimulationcontinued to increase under Th2 conditions but rapidly
disappeared under Th1 conditions. After 3.5 days, Th2 in the appropriate cytokine milieu, but this plasticity
was lost with increasing numbers of divisions. Finally,conditions induced strong eGFP in almost all cells, but
cells activated under Th1 conditions had extinguished immediate transcription and final polarization were cor-
related with dynamic repositioning of the cytokine geneseGFP. These data suggest that IL-4 protein, like mRNA,
is produced early under both Th1 and Th2 conditions within nuclei, although this relationship was incomplete
among fully polarized cells. Together, these data providebut expression is not sustained under Th1 conditions,
consistent with the expression analysis. evidence for distinct stages involved in the activation,
stabilization, silencing, and epigenetic modification of
cytokine loci that likely reflect engagement of sequentialCytokine Genes Are Organized Away from
Centromeric Chromatin Domains mechanisms that together result in the polarization of
T helper subsets.in Naive CD41 T Cells
The immediate transcription of cytokine genes under The appearance of IL-4 and IFN-g transcripts within 30
min suggests a direct effect of TCR- and CD28-mediatedStat-independent, TCR/CD28-dependent conditions (Fig-
ure 4A) suggests that these genes are accessible to the signaling. Indeed, neither Stat4 nor Stat6, the major
transducing molecules required for the development ofgeneral transcriptional machinery directed to the T cell
Immunity
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Figure 6. Nuclear Positioning of Cytokine Genes in Resting Naive CD41 T Cells
(A) In situ hybridization of designated cytokine genes simultaneously with g-satellite sequences to mark centromeric heterochromatin domains.
Hybridization using purified naive CD41 T cells from BALB/c, Stat4-deficient, and Stat6-deficient BALB/c mice. One optical section through
a single cell is depicted in each frame and represents 40–300 cells analyzed over multiple experiments.
(B) Simultaneous hybridization of the designated cytokines in conjunction with DAPI staining for condensed DNA. IL-4 and IL-5 are separated
by 140 kb and IL-4 and GM-CSF by 600 kb on chromosome 11. IFN-g is on chromosome 10.
T Helper Subset Polarization
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Figure 7. Repositioning of Cytokine Genes in Polarized Th Subsets
Purified naive CD41 T cells from DO11.10 TCR transgenic mice were used to create polarized Th1 and Th2 lines by weekly stimulation with
1 mM OVA323-339 peptide with irradiated APC. Stable lines were fixed and analyzed using in situ hybridizations for positioning of IL-4 and IFN-g
genes in relationship to g-satellite centromeric domains. Associated alleles from representative fields are indicated by the arrows (top panels).
Quantitative analysis of percentage of alleles associated with centromeric heterochromatin as assessed by overlay from over 300 cells in
multiple experiments (bottom graphs).
IFN-g- and IL-4-expressing cells, respectively, were in- both the transient and asynchronous nature of IL-4 se-
cretion among developing effector T cells and the com-volved during this early period, as demonstrated using
Stat-deficient naive T cells. Activation of T cells through promised sensitivity as a consequence of membrane
permeabilization required using standard methods (Open-the antigen receptor results in the rapid targeting of SWI/
SNF-like transcriptional BAF complexes to chromatin shaw et al., 1995). Our findings, however, are consistent
with the earlier observation that cells stimulated underwithin 10 min that peaks by 30 min (Zhao et al., 1998).
As shown here, each of the cytokine genes analyzed by Th1 conditions were deleted by an IL-4-instructed toxin-
mediated transgene, since an early promiscuous, Stat-FISH, including IFN-g and IL-4, was localized apart from
silenced, centromeric heterochromatin domains and independent mechanism would allow expression of the
IL-4-driven toxin under either set of experimental condi-would presumably be accessible to the general tran-
scriptional machinery. Based on our evidence using en- tions (Kamogawa et al., 1993). These data might also
underlie observations of Stat-independent expression ofgineered IL-4-reporter cells, we speculate that these
early cytokine transcripts are translated into protein dur- IFN-g and IL-4 in various experimental situations (Noben-
Trauth et al., 1997; Kaplan et al., 1998, 1999; Finkelmaning the activation of naive T cells and would be available
to enhance the localized, developing immune response. et al., 2000; Jankovic et al., 2000).
Although the initial activation of the canonical Th cyto-As assessed using a sensitive bi-cistronic eGFP marker
for IL-4 expression, essentially all cells activated under kines was Stat independent, the subsequent stabiliza-
tion of expression was linked tightly to requirements foreither Th2 or Th1 conditions expressed cytokine protein,
although similar analysis will be required using a sensi- Stat-mediated signals. In the absence of the appropriate
Stat signal, cytokine transcripts and protein rapidly de-tive IFN-g reporter to ensure that this cytokine is compa-
rably regulated. As compared to direct detection of intra- cayed, such that by the time of onset of cell division after
48 hr of culture, cytokine profiles had become polarized.cellular IL-4, the enhanced sensitivity of the knockin
eGFP bi-cistronic reporter, wherein eGFP is trapped in- Intriguingly, the absence of polarizing Stat-mediated
signals correlated with failure to induce optimally tran-tracellularly in every cell that expresses IL-4, may reflect
Immunity
212
scripts for GATA-3 and T-bet. These two transcription served using similar approaches (Brown et al., 1999).
factors have the capacity to drive Th1 and Th2 differenti- We considered several possibilities for this observation.
ation in vitro and have been designated “master switch First, we may be observing a kinetic process by which
factors” for effector development in CD41 T cells (Zheng genes are first silenced by physical marking, such as
and Flavell, 1997; Szabo et al., 2000). Our data suggest by methylation, and later targeted for repositioning by
that Stat factors are required for the optimal induction secondary events, such as by histone modulation. Link-
of these master switch determinants, thus explaining age of these processes in gene silencing is well de-
the profound inability of Stat-deficient T cells to sustain scribed (Jones et al., 1998; Nan et al., 1998), and both
effector cytokine patterns. Although Stat-independent have been demonstrated at cytokine genes (Bird et al.,
induction of GATA-3 (Ouyang et al., 2000), and possibly 1998; Agarwal and Rao, 1998). Perhaps longer periods
T-bet (Kaplan et al.,1998; Szabo et al., 2000), has been of analysis or different conditions would have allowed
described, this seems to be incapable of achieving the process to go to completion, with resulting physical
requisite effector function in vivo after biologic chal- repositioning of all silenced genes. Second, our obser-
lenges in Stat-deficient animals. Indeed, inoculation of vations involved T cell lines established in culture. Possi-
Stat6-deficient mice with Nippostrongylus, a strong type bly, factors related to trafficking or additional signals
2-inducing stimulus, led to normal IL-4 production in the achieved in vivo are used to facilitate the repositioning
primary response, but this failed to be sustained and process that are incompletely mimicked under condi-
had no effect on subsequent secondary challenges (Fin- tions of in vitro restimulation and culture. Experiments
kelman et al., 2000). Conversely, ectopic expression of are in progress to determine whether fixed memory/
activated Stat6 was able to induce GATA-3 and type 2 effector cells allowed to develop in vivo will demonstrate
cytokine expression, and forced expression of GATA-3 more complete repositioning of the silenced cytokine
induced remodeling of chromatin surrounding the IL-4 genes.
gene, consistent with an ordered pathway placing Stat6 These and other data suggest a model of sequential
upstream of GATA-3 (Kurata et al., 1999; Lee et al., steps by which naive CD41 T cells differentiate into
2000). The capacity of GATA-3 to autoactivate its own distinct cytokine-secreting effector cells. During initial
expression and negatively regulate IFN-g through re- activation, cytokine loci become rapidly activated in a
pression of IL-12 signaling would establish a key check- manner linked with TCR/CD28 stimulation and indepen-
point in Th2 lineage commitment (Ouyang et al., 1998, dent of cytokine-regulated Stat4 or Stat6 modulation.
2000). Based on our studies with sensitive IL-4 reporter cells,
As assessed in B cell lines using a small set of T cell- these cytokines are likely produced as protein and avail-
specific markers, lineage-specific markers were segre- able locally to affect the developing immune response.
gated to silenced heterochromatin in association with Although the cytokine loci remain accessible through
ikaros protein (Brown et al., 1997). In contrast, each of several rounds of division, commitment is finally estab-
the cytokine genes analyzed resided within potentially lished at the time of induction of lineage-specific tran-
active nuclear regions within naive T cells, suggesting scription factors such as GATA-3 and T-bet. As shown
a poised state underlying effector development. In con- here and elsewhere (Zheng and Flavell, 1997; Ouyang
junction with the data demonstrating rapid transcription et al., 2000; Szabo et al., 2000), these factors become
of these genes, we favor a model whereby cytokines optimally induced in response to cytokine-mediated
are rapidly transcribed after TCR-mediated activation Stat transcription factors, thus establishing an autocrine
but stabilized by cytokine-derived Stat signals that in- positive feedback that drives polarization of the cytokine
duce master differentiative factors, such as T-bet and repertoire. Commitment would begin the process by
GATA-3. Such a “poised” state is typical of regulated which silenced loci become physically repositioned to
mammalian gene expression (Struhl, 1999) and suggests areas of the nucleus no longer accessible to the general
that the ultimate decision to stabilize or silence a locus
transcription machinery of the cell, thus ensuring a sta-
represents a secondary event dependent upon the se-
ble succession of daughter cells. The molecular mecha-
quential recruitment of downstream coactivators and/
nisms underlying the sequential stages of activation,or repressors. Experiments in model systems such as
commitment, silencing, and epigenetic stabilization de-yeast suggest that intermediate states during this or-
fine a paradigm for lineage and cell fate decisions thatdered process may be quite transient in nature yet lead
should be amenable for detailed analysis and that willto profound differences in cell fate (Cosma et al., 1999).
likely apply to other cell lineages that undergo similarThe data here suggest that T cells can maintain plasticity
differentiative schemes.in the cytokine repertoire at least through several cell
divisions, but not indefinitely, and further understanding
Experimental Procedures
will be required to define molecular mechanisms that
exist before commitment becomes absolute. Mice
Following polarization into canonical helper T cell sub- Six-week-old female BALB/c, Stat4-deficient BALB/c (Kaplan et al.,
sets, cytokine loci demonstrated repositioning into het- 1996a), and Stat6-deficient BALB/c (Kaplan et al., 1996b) mice were
obtained from Jackson Laboratories (Bar Harbor, ME). Ovalbuminerochromatin that correlated inversely with their expres-
(OVA323–339)-specific D011.10 T cell receptor (TCR) transgenic BALB/csion. Although this phenomena was robust in many
mice (Murphy et al., 1990) and TCR Ca-deficient mice (Philpott etexperiments and readily quantitated, it was incomplete
al., 1992) backcrossed 12 generations to BALB/c were maintained
in that some otherwise silenced cytokine alleles were in the pathogen-free Animal Care Facility at the University of Califor-
positioned away from centromeric heterochromatic do- nia San Francisco.
mains. Incomplete spatial reorganization of develop- IL-4 reporter mice were generated by homologous recombination
using a targeting construct consisting of 6 kb of 129/SvJ genomicmentally expressed genes in thymocytes was also ob-
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IL-4 sequence ending 39 of the endogenous polyadenylation signal go(dT)18 priming (Clontech Laboratories, Palo Alto, CA). Primers and
probes were intron-spanning and included: HPRT sense 59-CTGof exon 4 spliced to an internal ribosomal entry site (IRES) from
encephalomyocarditis virus and enhanced green fluorescent protein GTGAAAAGGACCTCTCG-39, HPRT anti-sense 59-TGAAGTACTCA
TTATAGTCAAGGGCA-39, HPRT probe VIC-59-TGTTGGATACAGGCC(eGFP), followed by a bovine growth hormone polyadenylation sig-
nal. A neomycin gene flanked by loxP sites and herpes simplex AGACTTTGTTGGAT-39-6-carboxytetramethylrhodamin (Tamra); IL-4
sense 59-AGATCATCGGCATTTTGAACG-39, IL-4 anti-sense 59-TTTthymidine kinase cassette were used for selection and counter-
selection, respectively, after electroporation into 129/SvJ PrmCre GGCACATCCATCTCCG-39, IL-4 probe 6-carboxyfluorescein (FAM)-
59-TCACAGGAGAAGGGACGCCATGC-39-Tamra; IFN-g sense 59-GGAES cells, which express Cre-recombinase under control of the male
germline-specific protamine promoter (O’Gorman et al., 1997). Suc- TGCATTCATGAGTATTGC-39, IFN-g anti-sense 59-CCTTTTCCG
CTTCCTGAGG-39, IFN-g probe FAM-59-TTTGAGGTCAACAACCCAcessfully targeted ES cells were confirmed by Southern blotting and
used to inject C57BL/6 blastocysts. Chimeric male mice were bred CAGGTCCA-39-Tamra; IL-5 sense 59-CGCTCACCGAGCTCTGTTG-39,
IL-5 anti-sense 59-CCAATGCATAGCTGGTGATTTTT-39, IL-5 probeto wild-type BALB/c mice and offspring selected using Southern
blot for the mutated allele and deletion of the neomycin selection FAM-59-CAATGAGACGATGAGGCTTCCTGTCCC-39-Tamra; IL-13
sense 59-GCTTATTGAGGAGCTGAGCAACA-39, IL-13 anti-sensecassette. Targeted mice were used to establish homozygous IL-4/
IRES/eGFP knockin mice, designated 4get (IL-4/GFP-enhanced 59-GGCCAGGTCCACACTCCATA-39, IL-13 probe FAM-59-CAAGAC
CAGACTCCCCTGTGCAACG-39-Tamra; GATA-3 sense 59-AGAACCtranscript) mice. Details of the generation and characterization of
4get mice are presented elsewhere (M. Mohrs, K. Shinkai, K. Mohrs, GGCCCCTTATCAA-39; GATA-3 anti-sense 59-AGTTCGCGCAGG
ATGTCC-39; GATA-3 probe FAM-59-CCAAGCGAAGGCTGTCGGand R. M. Locksley, submitted).
CAG-39-Tamra; T-bet sense 59-CAACAACCCCTTTGCCAAAG-39;
T-bet anti-sense 59-TCCCCCAAGCAGTTGACAGT-39; T-bet probeLymphocyte Purification
FAM-59-CCGGGAGAACTTTGAGTCCATGTACGC-39-Tamra.Lymph nodes and spleens from designated mice were dispersed
Cycling conditions were 12 min at 958C followed by 40 repeatsthrough a 70 mm nylon filter to create single-cell suspensions. Cells
of 958C for 15 s and 608C for 60 s. Control experiments establishedwere labeled with phycoerythrin (PE)- or fluoroscein isothiocyanate
.95% efficiency over serial 10-fold dilutions for each of the primer(FITC)-conjugated anti-CD4, anti-CD8 (Caltag Laboratories, San
pairs and probes. Analysis used sequence detection software sup-Francisco, CA), anti-CD19 (PharMingen, San Diego, CA), and allo-
plied with the instrument. Each cytokine was analyzed concurrentlyphycocyanin (APC)-conjugated anti-CD62L (MEL-14; Caltag Labo-
on the same plate with HPRT and cytokine transcripts were normal-ratories) mAbs. Naive CD41CD62Lhi cells were sorted to .98% purity
ized to HPRT abundance. The specific signals for each of the tran-after gating small, resting, cells using forward- and side-scatter
scripts were at least 45-fold (5.5 cycles) over nonspecific back-parameters (MoFlo Multi-Laser Flow Cytometer, Cytomation, Fort
ground from RNA without prior reverse transcription.Collins, CO) as described (Fowell et al., 1999).
T Cell Priming and Differentiation In Vitro Intracellular Cytokine Analysis
Indicated cells were stimulated with phorbol 12-myristate 13-ace-Where designated, purified CD41CD62Lhi T cells were preincubated
with 5 mM CFSE (Molecular Probes, Eugene, OR) as described (Fo- tate (PMA; 50 ng/ml) and ionomycin (1 mg/ml; Sigma Chemical, St.
Louis, MO). After 2 hr, 5 mg/ml brefeldin A (Sigma) was added towell et al., 1999). T cells (106/well) were activated in the presence of
5 3 106 antigen-presenting cells ([APC]; irradiated TCR Ca-deficient promote intracellular accumulation, and after another 2 hr, cells
were fixed, lightly permeabilized, and analyzed using anti-CD41 mAbspleen cells) using mAbs to TCRb (H57.597; 1 mg/ml) and CD28
(37N51.1; 5 mg/ml) for BALB/c T cells, or with 1 mM OVA323-339 peptide and directly conjugated anti-cytokine mAb or isotype control mAb
as described (Loots et al., 2000).for DO11.10 transgenic T cells in tissue culture medium (RPMI 1640
with 10% heat-inactivated fetal calf serum, 50 mM b2-mercaptoetha- Purified, naive CD41 T cells from 4get mice were activated under
designated conditions and, after varying times, surface labeled us-nol, 2 mM L-glutamine, and 100 U/ml penicillin and streptomycin).
Th1 conditions included recombinant murine IL-12 (5 ng/ml; R&D ing PE-conjugated anti-CD4 (Santa Cruz Biotechnologies, Santa
Cruz, CA), and analyzed directly using a FACScalibur flow cytometerSystems, Minneapolis, MN) and neutralizing anti-IL-4 mAb (11B11;
20 mg/ml). Th2 conditions included recombinant murine IL-4 (50 ng/ (Becton Dickinson, Mountain View, CA) with CellQuest software.
ml; R&D Systems) and neutralizing anti-IFN-g mAb (XMG1.2; 50 mg/
ml) as described (Fowell et al., 1999). After 3–5 days, cells were Fluorescent In Situ Hybridization
sorted from culture based on CFSE intensity as a function of cell Murine BAC clones containing the IL-5, IFN-g, and GM-CSF genes
division and either assayed immediately for cytokine production or were isolated using PCR from a genomic BAC library (Research
washed and restimulated under Th1 or Th2 conditions as indicated. Genetics, Huntsville, AL). A murine BAC (191E6) containing IL-4 and
After an additional 2 days of culture, cells were analyzed for cytokine IL-13 was kindly provided by E. Rubin (Symula et al., 1999). Each
production or prepared for in situ hybridization studies. of the BAC clones was screened to ensure that only the cytokine
Where designated, T cells were activated in the absence of APC genes of interest were present on each given BAC and their specific-
using plate-bound anti-TCRb and anti-CD28 mAb adsorbed to plas- ity confirmed by hybridization patterns using metaphase spread
tic as described (Fowell et al., 1999). nuclei (data not shown). A g-satellite-specific probe was generated
by amplification of a repeat 234 bp sequence from plasmid MG1,
Th1 and Th2 Cell Lines kindly provided by U. Weier (Weier et al., 1991).
Spleen and lymph node cells from D011.10 TCR transgenic mice The mouse genomic probes were labeled with either digoxigenin
were CD8-depleted using antibody (anti-CD8 mAb 3.155; American or rhodamine using nick translation kits (Boeringer Mannheim, India-
Type Culture Collection, Rockville, MD) and rabbit/guinea pig com- napolis, IN), or with FITC using Fluorescein-High Prime (Boeringer
plement (Cedarlane, Ontario, Canada), washed, and purified over Mannheim) according to the manufacturer’s instructions. The
Ficoll. Cells were cultured in tissue culture medium with TCR Ca- g-satellite probe was labeled with digoxigenin or FITC using the PCR
deficient APC and 1 mM OVA323-339 peptide under Th1 or Th2 condi- Dig Probe Synthesis Kit or PCR Fluorescein Labeling Mix (Boeringer
tions as noted above. Every 7 days, cells were purified over Ficoll, Mannheim).
washed, counted, and restimulated under the same conditions for Simultaneous localization of cytokine genes and centromeric
at least 4 weeks. g-satellite domains was performed essentially as described (Brown
et al., 1997) with slight modifications. In brief, fixed cells were incu-
bated for 2 hr in 1% BMB blocking buffer (Boeringer Mannheim)Quantitative Transcript Analysis
Quantitative reverse transcriptase-polymerase chain reaction (RT- containing 50 mg/ml salmon sperm DNA (Gibco BRL). Probes were
denatured in 50% formamide/10% dextran sulfate/33SSC andPCR) was performed using real-time fluorogenic 59-nuclease PCR
using an ABI Prism 7700 Sequence BioDetector (PE Biosystems, chromosomal DNA in 50% formamide/23SSC at 948C for 4 min.
Hybridization was performed overnight at 378C in humid chambers.Foster City, CA) according to the manufacturer’s instructions (Taq-
Man, Perkin Elmer, Foster City, CA). Total RNA was extracted using Detection of digoxigenin-labeled probes used sheep anti-digoxi-
genin-FITC or -rhodamine mAbs (Jackson ImmunoResearch Labo-RNAzol B (Biotecx, Houston, TX) and reverse transcribed using oli-
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ratories, West Grove, PA) and amplified with donkey anti-sheep IgG- Kamogawa, Y., Minasi, L., Carding, S.R., Bottomly, K., and Flavell,
R.A. (1993). The relationship of IL-4- and IFN-g-producing T cellsFITC or -rhodamine (Jackson ImmunoResearch Laboratories). Cells
were stained with DAPI and analyzed using multiwavelength wide- studied by lineage ablation of IL-4-producing cells. Cell 75, 985–995.
field, three-dimensional microscopy with computer-driven shutters, Kaplan, M.H., Sun, Y.L., Hoey, T., and Grusby, M.J. (1996a). Impaired
filter wheels, focus movement, and data collection as described IL-12 responses and enhanced development of Th2 cells in Stat4-
(Weiner et al., 1999). For fluorescence analysis of fixed cells, data deficient mice. Nature 382, 174–177.
stacks of immunofluorescent images were acquired in the FITC and
Kaplan, M.H., Schindler, U., Smiley, S.T., and Grusby, M.J. (1996b).
rhodamine channels by moving the stage in successive 0.25 mm
Stat6 is required for mediating responses to IL-4 and for develop-
focal planes through the sample. Out-of-focus light was removed
ment of Th2 cells. Immunity 4, 313–319.
with a constrained iterative deconvolution algorithm (Dernburg and
Kaplan, M.H., Wurster, A.L., and Grusby, M.J. (1998). A signal trans-Sedat, 1998).
ducer and activator of transcription (Stat)4-independent pathway
for the development of T helper type 1 cells. J. Exp. Med. 188,Acknowledgments
1191–1196.
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